Cigarette smoking has long been tied to a multitude of poor health outcomes; however, in reproductive biology, smoking has shown several unintuitive findings. Smoking is associated with significantly decreased rates of endometriosis and endometrial cancer. Here, we show that treatment with cigarette smoke extract leads to increased mRNA and protein expression of homeobox A10 (HOXA10) and progesterone receptor (PGR) as well as more rapid decidualization of endometrial stromal cells in vitro. In vivo, mice exposed to cigarette smoke similarly showed increased expression of HOXA10 and PGR in the endometrium. Both HOXA10 and PGR drive endometrial differentiation and are suppressed in endometrial tumors and in endometriosis. The increased expression found upon exposure to cigarette smoke may provide a protective effect, mediating the decreased incidence of endometrial disease among smokers. This mechanism contrasts with the accepted paradigm that the effects of smoking on the uterus are secondary to ovarian alterations rather than direct effects on endometrium as demonstrated here.
INTRODUCTION
Beginning in 1950 with Doll and Hill's groundbreaking study linking cigarette smoking to lung cancer [1] , mounting evidence over the past 60 years that smoking is detrimental to human health has become undeniable. Cigarette smoking has been shown to have a multitude of deleterious health effects. Intriguingly, however, women who smoke cigarettes have also been shown to have decreased rates of endometrial cancer [2] and endometriosis [3, 4] .
Smoking has well-known negative reproductive consequences. Women who smoke have decreased fertility overall [5] . Smokers have been shown to have decreased oocyte competence during in vitro fertilization [6] and to require nearly double the number of embryo transfer cycles as their nonsmoking peers to become pregnant [7] . Additionally, women who smoke are more likely to have ectopic pregnancies, have higher rates of twins and multiples [8] , and are more prone to preterm delivery [5] .
Smokers also generally have decreased serum levels of estrogen [9] . Lower estrogen levels may result in decreased endometrial stimulation and potentially impact the development of both endometriosis and endometrial cancer, because both diseases are estrogen-dependent. Similarly, progesterone is a steroid hormone that counteracts the proliferative effects of estrogens in the uterus. Progesterone acts through progesterone receptor (PGR), and both are essential for implantation and are necessary for endometrial differentiation. Changes in the levels of sex steroids, their receptors, and other downstream genes that mediate their action may influence normal endometrial development as well as endometrial proliferative diseases, such as endometriosis and endometrial cancer.
Homeobox A10 (HOXA10) is a member of the HOXA gene cluster and encodes a DNA-binding transcription factor that is essential for tissue differentiation and development of the genitourinary tract [10] . HOXA10 expression is necessary for development in all animal species; however, HOXA10 is also expressed in adults and is essential for normal fertility [11, 12] . HOXA10 expression in the endometrium is driven by sex steroids, and its expression peaks in the midluteal phase as a result of progesterone expression. HOXA10 is a wellcharacterized marker of endometrial receptivity. Deficiency in expression of HOXA10 has been linked to endometriosis [13] and endometrial cancer [14] .
In the present study, we demonstrate that mice exposed to cigarette smoke have increased endometrial HOXA10 and PGR expression. We confirm a direct effect of cigarette smoke extract (CSE) on the expression of these genes in endometrial stromal cells in vitro. Furthermore, we demonstrate an altered rate of decidualization in CSE-exposed endometrial stromal cells. Cigarette smoke may affect endometrium not as a secondary consequence of ovarian damage but, rather, through a direct effect on endometrial differentiation that may lead to the decreased risk of endometriosis and endometrial cancer seen in smokers.
MATERIALS AND METHODS

Cell Culture
Human endometrial stromal cells (HESCs) are a telomerase immortalized endometrial cell line (gift of Dr. Charles Lockwood, Yale University School of Medicine, New Haven, CT) that were maintained in Dulbecco modified Eagle medium (high-glucose) medium containing 10% fetal bovine serum and 1% 1003 antibiotic-antimycotic (Invitrogen). At 80% confluence, cells were trypsinized and plated in 6-cm plates. Nearly confluent cells were treated for 24 or 48 h in medium with 0.2 mg/ml of CSE (Arista Laboratories, Inc.) or with vehicle alone (dimethyl sulfoxide [DMSO]). CSE is manufactured by combusting cigarettes without filters, with the smoke bubbled through serum- To study the decidualization of HESCs, cell cultures were treated with either DMSO vehicle (mock), 0.5 mM 8-Bromoadenosine 3 0 ,5 0 -cyclic monophosphate (8-Br-cAMP; Sigma-Aldrich) and 0.1 lM progesterone (8-Br-cAMP/P4; progesterone from Sigma), or with 0.5 mM 8-Br-cAMP and 0.1 lM progesterone plus 0.1 lg/ll of CSE (8-Br-cAMP/P4/CSE). Media were changed every 48 h, and cultures were evaluated for the extent of decidualization via light microscopy daily. Additionally, real-time RT-PCR was performed to evaluate prolactin mRNA expression as a marker of decidualization.
Immunoblotting
For analysis of HOXA10 and PGR proteins, HESCs were lysed using a nuclear extract kit (Active Motif) according to the manufacturer's instructions. Nuclear extract samples were mixed 1:1 with a loading buffer containing SDS, denatured for 5 min at 958C, and run on a 4-20% polyacrylamide gel (BioRad). The proteins were then transferred to a nitrocellulose membrane. The membrane was washed and blocked for 1 h in 5% milk in phosphate-buffered saline with Tween 20 (PBST). The primary antibodies polyclonal HOXA10 (N-20) or rabbit polyclonal PGR (C-19; both from Santa Cruz Biotechnology) were used at a dilution of 1:200, and rabbit polyclonal glyceraldehyde phosphate dehydrogenase (GAPDH) antibody (Cell Signaling) was used at a dilution of 1:1000, with all incubated overnight at 48C. The membranes were then washed and blotted with an anti-rabbit horseradish peroxidase antibody (Vector Laboratories) for 1 h at room temperature. The membranes were further washed, and then chemiluminescent signal was developed using Western Lightning Enhanced Chemiluminescent Substrate (PerkinElmer). The membranes were then exposed to x-ray film and developed. Band densitometry was performed using Bio-Rad Quantity One 1-D Analysis Software. The densities for HOXA10 and PGR bands were normalized with the GAPDH bands.
Total RNA Isolation and Quantitative Real-Time RT-PCR
Total RNA from all cell cultures was purified using the Qiagen RNeasy Plus Mini kit according to the manufacturer's instructions. In all, 200 ng of purified RNA were converted to cDNA using the iScript cDNA Synthesis kit (Bio-Rad). Real-time PCR was performed using the LightCycler SYBR Green RT-PCR kit from Roche. PCR for HOXA10 and PGR was performed Animals C57BL/6 male and female mice were obtained from Charles River Laboratories. Twenty females were divided into two groups: Ten were exposed to room air, and 10 were exposed to smoke from nonfiltered research cigarettes using a smoking apparatus [15] for 8 wk at one cigarette per session, three sessions per day, 7 days per week.
Vaginal smear cytology was used to determine the estrous-cycle phases before and after exposure to cigarette smoke or room air. Twenty mice in estrus were chosen for this experiment. After exposure to cigarette smoke or room air, these mice were again tested for estrous-cycle phase. Mice were grouped by phase of estrous cycle and killed, and uterine tissue was collected for FIG. 1. CSE enhances HOXA10 expression in HESCs. Cells were treated with 0.2 mg/ml of CSE for 24 or 48 h. a) mRNA levels of HOXA10 were measured by quantitative real-time PCR and expressed as the ratio of CSE-treated to vehicle control (mock) using the 2 ÀDDCt method [16] . b) Protein was detected using specific antibodies by Western blot analysis and normalized with GAPDH. HOXA10 mRNA and protein expression was increased by CSE within 24 h. *P , 0.05, **P , 0.005 (Student t-test).
FIG. 2.
Cigarette smoke enhances HOXA10 expression in the mouse uterus. Mice were exposed to cigarette smoke (CS) or room air (mock) for 8 wk as described in Materials and Methods. HOXA10 expression in the uterus was detected by immunohistochemistry (left) in the nuclei of endometrial stromal cells. Semiquantitative H-scores (right) demonstrated a nearly 70% increase in the CS-exposed mice compared to those exposed to room air (NS) (n ¼ 9 per group). *P , 0.05 (Student t-test).
immunohistochemical analysis. All experiments were approved by the Yale University Institutional Animal Care and Use Committee.
Immunohistochemistry
Immunohistochemical analysis of HOXA10 and PGR expression was performed. Uterine horns obtained from mice were fixed in formalin, embedded in paraffin, sectioned (thickness, 5 lm), and mounted onto glass slides. Slides were deparaffinized and rehydrated through a series of xylene and ethanol washes. Antigen retrieval was performed by steaming in 0.01 M sodium citrate buffer for 20 min, followed by a 20-min cooling period. Then, the slides underwent three times 5-min washes in PBS. Endogenous peroxidases were quenched with 3% hydrogen peroxide for 10 min, followed by three 5-min PBS washes. Slides were circumscribed with a hydrophobic pen, and nonspecific binding was blocked with 5% normal horse serum or 5% goat serum in PBST for 1 h at room temperature. Slides were incubated in the primary antibody overnight at 48C. Normal goat immunoglobulin G (Santa Cruz Biotechnology) was used as a negative control. Horse anti-goat or goat anti-rabbit biotinylated secondary antibody (Vector Laboratories) was applied for 30 min at room temperature. After washing in PBS, the slides were incubated in ABC Elite (Vector Laboratories) for 15 min at room temperature, then washed and incubated for 3 min in diaminobenzidine (Vector Laboratories). A 16-sec exposure to hematoxylin was used as a counterstain. Slides were rehydrated through 5-min ethanol and 20-min xylene washes and mounted with Permount. All slides were processed simultaneously. The mice were grouped by estrouscycle phase at the time of euthanization, and slides were compared only against tissue in the same estrous-phase group. The in vivo expression of HOXA10 and PGR protein by immunohistochemistry was quantified using the H-scoring method by two independent evaluators blinded to the treatment group [16, 17] . Intensity of nuclear staining was indicated by a value of 1, 2, or 3 (weak, moderate, or strong, respectively).
Statistical Analysis
The data obtained from the real-time quantitative RT-PCR were evaluated using the 2
ÀDDCt method [18] and analyzed by Student t-test. H-score data was compared using the Mann-Whitney U-test.
RESULTS
Cigarette Smoke Increased HOXA10 Expression
To determine if cigarette smoke had a direct effect on markers of endometrial cell differentiation, HESCs were treated with CSE or vehicle control. HESCs are a telomerase immortalized benign endometrial stromal cell line [19] . As shown in Figure 1 , quantitative real-time PCR revealed a 3.2-fold increase in HOXA10 mRNA expression in CSE-treated HESCs compared vehicle-treated control cells after 48 h (P , 0.005). Likewise, protein levels of HOXA10 were 1.8-fold increased in CSE-treated HESCs compared to vehicle-treated control cells as determined by Western blot analysis (P , 0.05).
To confirm that the effects observed in vitro also occurred in mice, we exposed them to cigarette smoke daily for 8 wk. Those mice exposed to cigarette smoke similarly showed an increase in endometrial HOXA10 expression compared to those exposed to normal room air only. Immunohistochemical staining for HOXA10 in the uterine stroma showed a marked increase in staining versus the control (Fig. 2). H-scoring   FIG. 3 . CSE treatment of HESCs increases PGR expression. Cells were treated with 0.2 mg/ml of CSE for 24 or 48 h. a) The mRNA levels of PGR were measured by quantitative real-time PCR and expressed as the ratio of CSE-treated to vehicle control (mock) using 2
ÀDDCt method [16] . b) Protein was detected using specific antibodies by Western blot analysis and normalized with GAPDH. The PGR mRNA and protein expression were increased by CSE exposure within 24 h. *P , 0.05, **P , 0.005 (Student t-test).
FIG. 4.
Cigarette smoke enhances PGR expression in the mouse uterus. Mice were exposed to cigarette smoke (CS) or room air (mock) for 8 wk. PGR expression in the uterus was detected by immunohistochemistry and H-scored. Semiquantitative Hscores (right) demonstrated a nearly 50% increase in the CS-exposed mice compared to those exposed to room air (NS) (n ¼ 9 per group). *P , 0.05 (Student t-test).
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showed HOXA10 staining was 1.8-fold higher in cigarette smoke-exposed mice compared to controls (P , 0.05).
Cigarette Smoke Increased PGR Expression
The PGR mediates the antiproliferative and differentiating effects of progesterone on endometrial stroma. Quantitative real-time PCR on HESCs showed a 2.5-fold increase in mRNA expression of PGR in CSE-treated cells versus vehicle-treated control cells at 48 h (P , 0.05) (Fig. 3) . Protein levels of PGR were also shown to be 3.1-fold increased versus control as determined by Western blot analysis (P , 0.005).
A similar increase in PGR expression was demonstrated in vivo using mice exposed to cigarette smoke versus controls exposed to room air only. As shown in Figure 4 , uterine stromal cells in cigarette smoke-treated mice showed a marked increase in staining for PGR versus controls as demonstrated by immunohistochemistry. H-scoring showed PGR staining was 1.5-fold higher in cigarette smoke-exposed mice compared to controls (P , 0.05).
CSE Enhanced Decidualization of HESCs
Because CSE increased expression of HOXA10 and PGR, which typically promotes endometrial stromal cell differentiation, we next examined whether CSE treatment could lead to altered decidualization of HESCs. As shown in Figure 5 , in the absence of CSE, 8-br-cAMP/P4 induced significant morphological changes in HESCs by Day 8. However, in the presence CSE, HESC decidualization was obvious as early as Day 4. These data indicate that CSE significantly enhances the rate of HESC differentiation. Corresponding to these morphological changes, prolactin mRNA expression was measured as a marker of decidualization in 8-br-cAMP/P4-treated HESCs, as shown in Figure 6 . Prolactin mRNA levels were similar on Day 2 with or without the addition of CSE to culture media. On Days 4 and 6, the 8-br-cAMP/P4/CSE-treated cells expressed significantly more prolactin mRNA compared to those cells treated with 8-br-cAMP/P4 alone. By Day 8, prolactin mRNA expression was similar between CSE and non-CSE-treated cells. Together, these results demonstrate more rapid decidulization in the presence of CSE; however, both reach similar states of decidualization after 8 days of treatment.
DISCUSSION
In uterine endometrium, estrogen induces proliferation without differentiation. Progesterone, through its activation of PGR, inhibits the action of estrogen, preventing proliferation and triggering differentiation. Similarly, HOXA10 induces endometrial differentiation. In both endometrial cancer and endometriosis, expression of HOXA10 and PGR is reduced. Thus, the increase in expression of these two genes and the more rapid decidualization in response to exposure to cigarette 
SMOKING INCREASES PGR AND HOXA10 IN ENDOMETRIUM
smoke may provide the protective effects that prevent the development of these proliferative diseases in women who smoke.
One commonly accepted theory for the reduced incidence of endometrial cancer among smokers is that smoking causes ovarian damage, diminished ovarian reserve, and decreased estrogen production. Endogenous or exogenous estrogens unopposed by progesterone can increase the mitotic activity in endometrial cells [20] , leading to hyperplasia and malignancy [21] . However, even lower-than-average levels of estrogen can cause hyperplasia or cancer as seen in women with chronic anovulation and low but static estrogen levels. Similarly, menopausal women treated with estrogen in the absence of a progestin have a high incidence of endometrial hyperplasia despite estrogen exposure well below that of a reproductive-age woman [22] . It is unlikely that the small decline in estrogen production seen in reproductive-age smokers will prevent hyperplasia. Treatment with exogenous progesterone has been shown to have protective effects against development of endometrial cancer, as seen in the decreased incidence of endometrial cancer among users of combined estrogen and progestin oral contraceptives [23] . An increase in the expression of PGR in the endometrium of smokers may provide a protective effect against neoplasm by creating increased progesterone sensitivity and responsiveness. We speculate that increased PGR may also enhance endometrial development and explain the high pregnancy rate among young smokers before the onset of diminished ovarian reserve.
Likewise, lower HOXA10 expression has been correlated with increased tumor grade in endometrial carcinomas [24] . Moreover, methylation of the HOXA10 promoter has been found to lead to decreased expression and is associated with endometrial tumors [14] . Thus, the increased HOXA10 expression in the uterus upon exposure to cigarette smoke could confer a protective effect against the development of endometrial cancer, opposing the downregulation of this protein because of methylation.
Women with endometriosis have been shown to have decreased levels of HOXA10 in their ectopic and eutopic endometrium [13, 25] . Downregulation of HOXA10 may be required to decrease differentiation and allow the increased proliferation necessary for the development of endometriosis. As in endometrial cancer, hypermethylation of the gene is associated with diminished differentiation of endometrial cells, leading to endometriosis [26] [27] [28] . Cigarette smoke-induced increases in uterine HOXA10 expression could counter the effect of methylation on the HOXA10 promoter and provide a protective effect against the development of endometriosis in women who smoke. HOXA10 drives increased differentiation and also preserves endometrial receptivity; the increase may impede the development of endometriosis while still allowing embryo implantation.
Expression of PGR is also decreased in women with endometriosis. Specifically women with endometriosis have decreased expression of PGR-B, one of two isoforms of PGR, in both the ectopic and the eutopic endometrium [29] . Progesterone resistance is a prominent feature of this disease [30] [31] [32] . The increased PGR driven by tobacco use may similarly increase progesterone action and protect against the development of endometriosis.
Although cigarette smoke appears to provide protection against endometriosis and endometrial cancer, its numerous other deleterious effects found both in the reproductive system and elsewhere certainly prohibit the recommendation that any woman smoke. Instead, the present study seeks to establish the molecular mechanism explaining the seemingly paradoxical observation that smoking decreases the incidence of these two diseases. Perhaps among the over 4000 compounds found in cigarette smoke is one or more that can prevent endometrial proliferation and induce the expression of genes that direct endometrial differentiation. Isolation and characterization of these compounds may lead to the development of novel therapeutic agents.
